From a ternary gaseous mixture of cobalt tricarbonyl nitrosyl (Co(CO) 3 NO), tetraethylgermane (TEG), and propenyltrimethylsilane (allyltrimethylsilane) (ATMeSi), magnetic ultrafine particles were produced under irradiation with intense Nd:YAG laser light. From FT-IR spectra, chemical structure of the ultrafine particles was investigated. The spectrum of the magnetic particles was essentially the same to the one of the ultrafine particles produced from a binary gaseous mixture of Co(CO) 3 NO and ATMeSi, suggesting strongly that TEG molecules did not contribute significantly to particle formation process. On the other hand, in the gaseous phase, depletion rate of TEG molecules was accelerated by 800 times due to the presence of Co(CO) 3 NO molecules, showing that TEG molecules interacted efficiently with Co(CO) 3 NO molecules to produce some volatile chemical species in the gas phase under laser light irradiation. Magnetization of the ultrafine particles was measured using a SQUID magnetometer. Magnetic susceptibility of the ultrafine particles was evaluated to be ~1×10 -2 emu/g, suggesting that the deposited ultrafine particles were mainly composed of ferromagnetic species. The morphology of the coagulated particles was studied by taking HRTEM images. The ultrafine particles were composed of several kinds of particles which involved both the polycrystalline phase and amorphous phase. Crystalline phase was mainly composed of Co atoms, and may be responsible for ferromagnetic properties of the particles.
Introduction
Metal containing ultrafine particles can be utilized as building blocks of nano-devices and are suitable for fabricating nano-patterns in nano-lithography [1, 2] . From a gaseous mixture of cobalt tricarbonyl nitrosyl (Co(CO) 3 NO) and propenyltrimethylsilane (allyltrimethylsilane) (ATMeSi), sedimentary aero-sol particles were synthesized through photochemi-cal reactions under irradiation with a mercury lamp at 313 nm and with an Nd:YAG laser at 355 nm [3] . Photochemical reactions of Co(CO) 3 NO were accelerated by the presence of ATMeSi, and a small amount of ATMeSi molecules played an essential role to form spherical particles. Recently, we have produced successfully magnetic particles by exposing intense Nd:YAG laser light on some gaseous mixtures [2, 4, 5] . From a gaseous mixture of iron pentacarbonyl (Fe(CO) 5 ) and trimethylsilyl azide (TMSAz), magnetic particles were prepared [6] and magnetic properties were studied using a SQUID magnetometer in a previous paper [7] . The magnetic ultrafine particles were composed of ferromagnetic and super-paramagnetic particles.
In the present study, magnetic particles were prepared from a ternary gaseous mixture of Co (CO) 3 NO, tetraethylgermane (TEG), and ATMeSi under intense laser light irradiation with an Nd: YAG laser, and photochemical reactivity of TEG molecules towards Co(CO) 3 NO was investigated. The chemical compositions and the morphology of the magnetic particles were analyzed by scanning electron microscopy/energy dispersive spectro-scopy (SEM-EDS) and HRTEM images.
Magnetic properties was discussed briefly by measuring the magnetic susceptibility of the ultrafine particles.
Experimental
Co(CO) 3 NO (Gelest, 95%), TEG (Aldrich, 98%), and ATMeSi (Tokyo Kasei, G. R. grade) were degassed by freeze-pump-thaw cycles in the dark, and purified by vacuum distillation immediately before use. To prepare a gaseous mixture of Co(CO) 3 (Fig. 1A) . Black particles were magnetic as is discussed later. FT-IR spectrum of the deposited particles is shown in Fig. 2A . Contrary to the case where sedimentary particles were produced from a gaseous mixture of Fe(CO) 5 and Co(CO) 3 NO under light irradiation with a mercury lamp [8] , the intensity of C-O stretching bands at 2100 and 2027 cm -1 assigned to the terminal C≡O group of Co(CO) 3 NO was very weak and the band intensity at 1860 and 1740 cm -1 assigned to a bridging C=O group became strong. Moreover, three bands characteristic of trimethylsilyl group were observed at 1254, 846, and 756 cm -1 [9] , and a new broad band appeared at 1024 cm -1 . The 1024 cm -1 band was assignable to (Si-O) of siloxane structure [10] .
Under irradiation with the third harmonics of Nd:YAG laser light at 355 nm for 10 min, a binary gaseous mixture of Co(CO) 3 NO (1.8 Torr) and ATMeSi (2.4 Torr) also produced coagulated black ultrafine particles as shown in Fig. 1B . FT-IR spectrum of the deposited particles (Fig. 2B ) was essentially the same to the spectrum of the deposited particles produced from the ternary gaseous mix-ture ( Fig. 2A) . This strongly suggested that TEG molecules did not contribute significantly to parti-cle formation process. From FT-IR spectra, it was also suggested that under intense laser light irradi-ation, terminal C≡O groups of Co(CO) 3 NO were evolved and Co atoms were connected through bridged C=O groups. During particle formation, ATMeSi coordinated to Co atoms via C=C double bond of allyl group [11, 12] .
To study the photochemical behavior of TEG molecules in the gas phase, FT-IR spectrum of a gaseous mixture of Co(CO) 3 of TEG [14] , and (Si-(CH 3 ) 3 ) band at 854 cm -1 of ATMeSi [9, 15] was measured, and the ratio of A to the initial absorbance before light irradiation, A 0 , was plotted against cumulative irradiation time (Fig. 4A) . In the ternary gaseous mixture, Co(CO) 3 NO, TEG, and ATMeSi molecules were consumed by 98%, 80%, and 32%, respectively, after 3 min under laser light irradiation. The partial pressures of re-spective molecules depleted from the gaseous phase were estimated to be 0.70, 0.41, and 0.24 Torr over 3 min. The molar ratio of depleted Co(CO) 3 NO to depleted TEG and ATMeSi molecules was 1 : 0.59 : 0.35. Depletion of Co(CO) 3 NO, TEG, and ATMeSi molecules was also measured for binary gaseous mixtures of Co(CO) 3 NO and TEG (Fig. 4B ) and of Co(CO) 3 NO and ATMeSi (Fig. 4C ) in addition for pure TEG vapor (Fig. 4B) . Assuming the pseudo first order decay, the depletion rates of Co(CO) 3 NO, TEG, and ATMeSi were estimated for these gaseous mixtures. The results are tabulated in Table 1 . The depletion rates of Co(CO) 3 NO and ATMeSi were almost constant in the ternary and binary gaseous mixtures being studied, whereas the depletion of TEG molecules was negligibly small in pure vapor (Fig. 4B, curve  b' ), but its depletion rate was accelerated by 800 times due to the presence of Co(CO) 3 NO molecules (Fig. 4B, curve b) , showing that TEG molecules efficiently interacted with Co(CO) 3 NO molecules in the gas phase under laser light irradiation.
SEM-EDS analysis showed that atomic ratio of Co to Ge and Si atoms of the particles deposited from the ternary gaseous mixture of Co(CO) 3 NO (0.71 Torr), TEG (0.51 Torr), and ATMeSi (0.77 Torr) was 1 : 0.14 : 0.49, and the one of Co to Si atoms of the particles deposited from the binary gas-eous mixture of Co(CO) 3 NO (1.8 Torr) and ATMeSi (2.4 Torr) was 1 : 0.47. The inclusion of Ge atoms into the sedimentary particles was much less than the amount expected from the number of depleted molecules in the gaseous phase. This strongly sug-gested that TEG molecules interacted efficiently with photo-excited Co(CO) 3 NO molecules, resulting mainly in the formation of some volatile chemical species in the gas phase under laser light irradiation. Formation of cobalt germanide struc-tures (such as CoGe 2 and Co 3 Ge 2 ) [16] in the sedi-mentary particles was not efficient under the present experimental conditions. 
Magnetic properties of ultrafine particles
Magnetic properties of the sedimentary parti-cles were investigated by measuring magnetization of the deposited particles using a SQUID magneto-meter. Magnetization of the deposited ultrafine particles produced from a binary gaseous mixture of Co(CO) 3 NO (1.9 Torr) and ATMeSi (2.3 Torr) and from a ternary gaseous mixture of Co(CO) 3 NO (1.2 Torr), TEG (1.0 Torr), and ATMeSi (2.3 Torr) measured under a magnetic field of up to 5 T was shown in Fig. 5 . Magnetization was almost saturat-ed at magnetic field of 0.5 T, and the magnetic susceptibility evaluated at 0.5 T was 0.8×10 -6 emu for the particles produced from the binary gaseous mixture and 1.6×10 -6 emu for the particles produced from the ternary gaseous mixture. In a previous paper [7] , magnetic susceptibility, , of the ultrafine particles deposited from a gaseous mixture of Fe(CO) 5 and trimethylsilyl azide (TMSAz) was evaluated to be 2.4×10
-5 emu at 300 K under a magnetic field of 500 Oe. In order to compare the magnetic properties, the magnetization curve in Fig. 5 was extrapolated to 500 Oe, and  value was evaluated to be 0.8×10 -5 emu and 1.6×10 -5 emu for the particles produced from the binary and the ternary gaseous mixtures, respectively. These values were comparable to the one of the ferromagnetic species produced from the gaseous mixture of Fe(CO) 5 and TMSAz. As in the previous paper [7] , the ultrafine particles of 1~5 mg were deposited on a piece of Scotch tape of 18×146 mm in size and then, the Scotch tape was needed to be cut into 18×76 mm (~90 mg) after the deposition of ultrafine particles to prepare a capsular sample for SQUID measurement. Therefore, we could not determine precisely the amount of particles used for SQUID measurement. Hence, the  value was only roughly evaluated to be ~1×10 -2 emu/g for the samples prepared in the present experiments, suggesting that the deposited ultrafine particles were mainly composed of ferromagnetic species.
To study the morphology of the coagulated par-ticles in more detail, HRTEM images were taken for the particles deposited from binary gaseous mix-tures of Co(CO) 3 NO (0.68 Torr) and ATMeSi (0.76 Torr) (Fig. 6A ) and of Co(CO) 3 NO (0.59 Torr) and TEG (0.43 Torr) (Fig. 6B) , together with the par-ticles deposited from a ternary gaseous mixture of Co(CO) 3 NO (0.71 Torr), TEG (0.51 Torr), and ATMeSi (0.77 Torr) (Fig. 6C) . As shown in Figs. 6A, 6B, and 6C, ultrafine particles were composed of several kinds of particles which involved both the polycrystalline phase and amorphous phase. Although Ge and Si atoms were involved in SEM-EDS analysis, crystalline phase was mainly composed of Co atoms, and produced electron diffraction pattern characteristic of crystalline phase as shown in Fig. 6B . Crystalline structure of Co atoms may be responsible for ferromagnetic properties of the particles produced under intense laser light.
Conclusions
From a ternary gaseous mixture of Co(CO) 3 NO, TEG, and ATMeSi, magnetic ultrafine particles were produced under irradiation with intense Nd:YAG laser light. FT-IR spectrum of the magnetic ultrafine particles was essentially the same to the one of the ultrafine particles produced from a binary gaseous mixture of Co(CO) 3 NO and ATMeSi, suggesting that TEG molecules did not contribute significantly to particle formation process. On the other hand, in the gaseous phase, depletion rate of TEG molecules was accelerated by 800 times due to the presence of Co(CO) 3 NO molecules. TEG molecules interacted efficiently with Co(CO) 3 NO molecules to form some volatile chemical species in the gas phase under laser light irradiation. From HRTEM images, coagulated particles were found to be composed of several kinds of particles which involved both the polycrystalline phase and amorphous phase. Crystalline phase was mainly composed of Co atoms, and may be responsible for ferromagnetic properties of the particles.
